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alkaline Water electrolysis
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Forschungszentrum Juelich, Institute for Energy and Climate Research – Systems Analysis and Technology Evaluation 
(IEK-STE), Juelich, Germany
Alkaline water electrolysis (AWE) is a mature hydrogen production technology and there 
exists a range of economic assessments for available technologies. For advanced 
AWEs, which may be based on novel polymer-based membrane concepts, it is of 
prime importance that development comes along with new configurations and technical 
and economic key process parameters for AWE that might be of interest for further 
economic assessments. This paper presents an advanced AWE technology referring 
to three different sites in Europe (Germany, Austria, and Spain). The focus is on finan-
cial metrics, the projection of key performance parameters of advanced AWEs, and 
further financial and tax parameters. For financial analysis from an investor’s (business) 
perspective, a comprehensive assessment of a technology not only comprises cost 
analysis but also further financial analysis quantifying attractiveness and supply/market 
flexibility. Therefore, based on cash flow (CF) analysis, a comprehensible set of metrics 
may comprise levelised cost of energy or, respectively, levelized cost of hydrogen (LCH) 
for cost assessment, net present value (NPV) for attractiveness analysis, and variable 
cost (VC) for analysis of market flexibility. The German AWE site turns out to perform 
best in all three financial metrics (LCH, NPV, and VC). Though there are slight differences 
in investment cost and operation and maintenance cost projections for the three sites, 
the major cost impact is due to the electricity cost. Although investment cost is slightly 
lower and labor cost is significantly lower in Spain, the difference can not outweigh the 
higher electricity cost compared to Germany. Given the assumption that the electrolysis 
operators are customers directly and actively participating in power markets, and based 
on the regulatory framework in the three countries, in this special case electricity cost 
in Germany is lowest. However, as electricity cost is profoundly influenced by political 
decisions as well as the implementation of economic instruments for transforming elec-
tricity systems toward sustainability, it is hardly possible to further improve electricity 
price forecasts.
Keywords: alkaline water electrolysis, levelized cost of hydrogen, net present value, variable cost, weighted 
average cost of capital
inTrODUcTiOn
Alkaline water electrolysis (AWE) is a mature hydrogen production technology (Ursua et al., 2012) 
and there exists a range of economic assessments for available technologies. In most cases, these 
assessments focus on typical cost components such as investment, operation and maintenance 
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(O&M), and decommissioning, which are commonly called 
technology cost (Bertuccioli et al., 2014; Noack et al., 2015). For 
new AWEs, which may be based on novel polymer-based mem-
brane concepts (Koj et al., 2015), it is of prime importance that 
development comes along with new configurations and technical 
and economic key process parameters for AWE that might be of 
interest for further economic assessments.
In many cases, economic assessments for technologies focus 
on cost analysis. But, from an investor’s (business) perspective, 
a comprehensive economic assessment of a technology also 
comprises further financial analysis quantifying attractiveness 
and supply/market flexibility. Therefore, based on cash flow (CF) 
analysis, a comprehensible set of metrics may comprise levelized 
cost of energy or, respectively, levelized cost of hydrogen (LCH) 
for cost assessment, net present value (NPV) for attractiveness 
analysis, and variable cost (VC) for analysis of market flexibility.
Aiming to overcome these drawbacks and to contribute to 
economic assessment of AWE technology, this paper presents 
cost estimations for an advanced AWE technology and a finan-
cial analysis. Starting with a brief overview on the literature to 
AWE cost results (see AWE Cost Literature Overview), Section 
“Methodological Approach and Estimation of Key Parameters” 
defines the system boundaries for the technology assessment. 
Additionally, in Section “Methodological Approach and 
Estimation of Key Parameters,” the methodological frame for 
the analysis is presented focusing on the financial metrics, the 
projection of key performance parameters of advanced AWEs, 
and further financial and tax parameters. The specification of 
an electricity scenario is of major importance. The analysis 
comprises projections for the technology and electricity supply 
at three different sites (Germany, Austria, and Spain), all repre-
senting Western European countries, though the integration into 
international trade and material flows is different. The results for 
the cost, attractiveness, and market flexibility metrics are pre-
sented in Section “Financial Analysis for 6 MW AWE Hydrogen 
Generation.” Additionally, the relevance of key performance 
parameters for AWE assessment is exemplarily demonstrated 
by elasticities for LCH and VC. Finally, Section “Discussion” 
presents a discussion of main findings against the background of 
main assumptions and key data, and Section “Summary” identi-
fies further methodological challenges.
aWe cOsT liTeraTUre OVerVieW
Alkaline water electrolysis investment cost estimations depend 
mainly on plant size and site-specific characteristics (Bertuccioli 
et al., 2014; Noack et al., 2015, Pellinger and Schmid, 2016; Shaner 
et al., 2016). Identifying a present range of 1,000–1,200 €2015/kW 
capacity, Bertuccioli estimated 1,100 €2015/kW as central invest-
ment cost and projected large potential for cost decrease up to 
580 €/kW in 2030 (Bertuccioli et al., 2014).
With respect to economic analysis, many studies use the 
concept of LCH (Bertuccioli et  al., 2014; Shaner et  al., 2016). 
Depending on plant and site characteristics and on the terms 
for electricity supply, LCH in 2012 comprises 3.2  €/kg for 
Germany and 5.2 €/kg for UK. In the future, there is potential for 
cost decreases (development of technology and learning rates) 
lowering the investment cost. With respect to the main operating 
cost component electricity, projections need to identify techno-
logical trajectories. In addition, the projections must also deal 
with energy and climate policy aspects, as they are making future 
electricity cost highly uncertain.
Even if LCH analysis prevails, most present studies neglect 
financial and fiscal aspects. They also represent economic analysis 
as pure LCH analysis, ignoring other economic aspects relevant 
for decision-making, either for investment or for operating 
decisions.
MeThODOlOgical aPPrOach anD 
esTiMaTiOn OF KeY ParaMeTers
From a methodological viewpoint, the economic assessment of 
a technology requires integration of the three dimensions time, 
space, and well-specified system boundaries equally guaranteeing 
relevance of the analysis and integrity of the results (Figure 1). 
The temporal system boundary reflects the time duration from 
“cradle to grave” which in economic terms covers investment in 
a technology, operation, and decommission. Investment is based 
on capital availability, either by equity or bank loans. Operation 
affords purchase of upstream products such as water or electricity. 
The spatial system boundary reflects the plant locations and the 
regional origin of upstream products. Additionally, according to 
the economic lifetime of the AWE technology, an electricity sce-
nario is eminent in order to quantify cost (and possibly emission 
balances) for the base year and all subsequent years. The inputs 
have market prices and incentive schemes such as investment 
subsidies principally may prevail. Whereas hydrogen is the physi-
cal output, additionally, in business perspective there is also the 
monetary output “avoided tax on earnings,” which is in any case 
relevant (Figure 1).
From private perspective, two points attract attention:
•	 Financial and fiscal aspects
Financial aspects such as share of private equity or debt for 
investment in energy technologies deserve closer attention 
from a business perspective the higher the share of capital 
expenditure to total expenditures. On the one hand, equity and 
debt may require different returns, and on the other hand, only 
interest payments for debts are tax deductible. Furthermore, 
fiscal incentives such as investment subsidies or the crediting 
of tax redemptions need further attention (e.g., Chandrasekar 
and Kandpal, 2005; Simshauser, 2014).
•	 Discounting
For discounting in business, the weighted average cost of 
capital (WACC) concept is chosen. It reflects shares and 
returns of equity and debts and is used in many studies on 
energy technology cost (Burgess, 2011; Kost et al., 2013, Peter 
et al., 2013; Burwen, 2015, Taylor et al., 2015). Depending on 
the technology and the kind of investors, WACCs may vary 
considerably (Stubelj et al., 2014). Small-size investments in, 
e.g., PV installations typically have high shares of equity. The 
share of equity for large-size installations such as offshore wind 
parks, often requiring hundreds of m€2015, is typically much 
FigUre 2 | assessment metrics.
FigUre 1 | Techno-economical characterization of the alkaline water electrolysis (aWe) system boundaries.
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lower (30–40%). Accordingly, the share of debt for financ-
ing is much higher. The return on debt equals usual market 
conditions, whereas in the energy market the return on equity 
typically is higher, reflecting opportunity cost such as the 
expected returns on alternative investments (Peter et al., 2013). 
However, private household’s investments in, e.g., PV instal-
lations usually do not reflect “opportunity cost” comparisons. 
For discounting, the post-tax Vanilla WACC is chosen. The real 
WACC is a function of nominal returns on equity and debt 
interest rates and inflation. With the post-tax Vanilla WACC, 
tax on earnings should be directly incorporated into the cost 
formula (Allen Consulting Group, 2007).
The following subsections focus on the main methodical pillars 
for the analysis of life-cycle cost of an AWE. Therefore, the focus 
is on the metrics’ approach and the approaches to specify realistic 
projections of sensitive technical and economic parameters such 
as investment cost or future electricity cost. Sections “Financial 
Metrics for Technology Assessment” and “Key Parameters” dis-
cuss details on main metrics, key data, and their sources.
Financial Metrics for Technology 
assessment
Generally, from private perspective, economic metrics assess 
business efforts to invest in a technology and run this technol-
ogy. Accordingly, cost components such as project cost, O&M 
cost, financing cost, tax redemptions, and capital sources such as 
private equity and bank loans take center stage. In many cases, 
technology assessments focus on cost analysis. From an investor’s 
(business) perspective, a comprehensive economic assessment of 
a technology comprises analysis of cost, attractiveness, and sup-
ply/market flexibility (Figure 2) (Sousa de Oliveira et al., 2011; 
Sousa de Oliveira and Fernandes, 2012, Lee, 2016).
Based on a CF analysis, cost metrics typically comprise indi-
cators such as LCH (Darling et al., 2011; Harvego et al., 2012) 
(Table 1, Eq. 1). LCH represents a fundamental approach enabling 
to compare competing hydrogen technologies. This indicator 
may be interpreted as a break-even value indicating a price that 
is needed as revenue over the lifetime of the technology in order 
to justify an investment in a particular energy generation facil-
ity and covering all expenses and the payment of an acceptable 
return to investors. From private perspective, the expenditures 
for investment and the capital’s source are relevant. As private 
equity usually expects higher returns than is necessary for bank 
loans, this is important for financing cost. Also, fiscal aspects such 
as tax redemptions may be significant in assessing a technology 
investment. This is attended by the WACC approach (Table 1, Eq. 
5), a discounting concept representing different capital sources 
(equity and bank loan).
In order to assess attractiveness from investor’s perspective, 
the NPV is defined as the present value benefits less the present 
value cost (Table 1, Eq. 2) (White, 2011; Thakre, 2014, Cucchiella 
et al., 2015).
For operation, the flexibility of the technology in relation 
to market conditions is of special relevance. The VC denotes 
those cost components directly attributable to the operation of 
a plant (Table 1, Eq. 3) (Borenstein, 2000). VC characterizes the 
minimum-level market price for operating an AWE site. Lower 
prices result in operational losses. In contrast, fix cost covers 
those components attributable after investment irrespective of 
the operational time.
Table 1 | Metrics formulas.
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PCIt: investment by equity minus invest tax credit of grant (t = 0: initial investment, t = T: replacement investment, t = N: decommissioning), At: fix O&M, Et: variable O&M, ECt: 
electricity cost, LPt: loan payment (for investment by debt), TR: tax rate, Dept: depreciation, Intt: interest on debt, Mt: yearly hydrogen production, r: weighted average cost of capital 
(WACC), e: equity, er: equity rate of return, d: debt, ed: debt interest rate, infl: inflation rate.
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Key Parameters
Technology and Plant Characteristics
Alkaline water electrolysis technology for hydrogen production 
has a long tradition and became industrialized and a mature tech-
nology within the last decades. The first pressurized AWE was 
already built by Zdansky/Lonza in 1948 (Kreuter and Hofmann, 
1998). It is estimated to be part of a future so-called “hydrogen 
economy” (Bockris, 2002; McDowall and Eames, 2006, Zeng 
and Zhang, 2010). Centerpieces of AWE are the electrolysis 
cells. Inside, the cells electrolysis is enabled by an electric cur-
rent between the electrodes and a circulating aqueous potassium 
hydroxide solution. Migration of ions and the separation of both 
electrolysis products, hydrogen and oxygen, is enabled by a mem-
brane. According to Bhandari et  al. (2014) following chemical 
reactions take place within the cells:
 
Anode OH O H O e
Cathode H e H
Overall chemical 
+
:
:
4 2 4
4 4 2
2 2
2
− −
−
→ + +
+ →
reaction H O O H .: 2 22 2 2→ +  
Figure 3 shows the technical system boundaries for the AWE 
plant. For operation, essential upstream products beside electric-
ity comprise deionized water, KOH solution, process steam, and 
nitrogen.
Koj et  al. (2015) analyzed and defined key technical plant 
parameters for an advanced commercial scale 6  MW AWE 
plant in comparison to a 3.5  MW state-of-the-art pressurized 
electrolysis. In contrast, the new developed electrolysis plant 
uses advanced polymer-based membranes. The advance plant, 
scaled-up to 6 MW, achieves higher hydrogen outputs with the 
same number of cells with equal diameters. Cell stacks are essen-
tial system components framing the electrolysis cells, were the 
electrolysis takes place. Moreover, there are further components 
necessary for the system assembly and operation comprising gas 
separator (for separating O2, H2, and small amounts of KOH), lye 
tank for potassium hydroxide (KOH), KOH filter, heat exchang-
ers (for cooling O2, H2, and KOH), pumps (pumping of KOH 
and water), and power electronics. H2 compression, storage, and 
use are not considered. Additionally, selling the by-product O2 is 
not considered, as large-scale deployment of electrolysis capaci-
ties may go along with market saturation for O2 and strongly 
decreasing prices (Hermann et al., 2014). Table 2 shows the plant 
characteristics, and the functional unit is the physical output of 
1 kg H2 at 33 bar and 40°C (Koj et al., 2015).
With respect to key performance parameters, it is necessary 
to distinguish country-specific parameters from non-country-
specific ones. Technological characteristics are by definition 
cross-national. Main parameters comprise expected plant 
lifetime (20  year), stack lifetime (83,000  h operation), opera-
tional time (8,300  h/year), and, respectively, hydrogen output 
(118.25 kg H2/h).
Correspondent specific demands are summarized in Table 3. 
Additionally, specific electricity demand is of particular impor-
tance not only from a technological point of view but also from 
the economic perspective. The technical process and plant char-
acteristics hold irrespective the location in Germany, Spain, or 
Austria (Tables 2 and 3).
Cost Characteristics for Financial Analysis
In order to estimate AWE cost, the capacity increases from 3.5 
to 6 MW, which is the basis for the technology study in Koj et al. 
must be considered.
While manufacturers do not share in-house data on cost 
breakdown, Figure 4 shows results gathered by literature review 
(Bertuccioli et al., 2014). The cost breakdown for the system cost 
shows that the stack contributes to half of the overall cost. In order 
to identify the cost impact of new polymer-based membranes, the 
stack level breakdown is necessary as well. Membranes contribute 
to 7% of the stack cost. Regarding the entire system cost, mem-
branes only contribute 3.5%. Therefore, we argue the cost impacts 
introducing new membrane concepts is not of major relevance 
for the overall cost projection.
For plant upscaling from 3.5 to 6  MW, an engineer-
ing top-down approach for cost scaling is used (Eq.  6) 
Table 3 | alkaline water electrolysis (aWe) technology and inventory 
(cross-national).
Unit aWe plant comments and data sources
Upstream products
Water, 
deionized
kg/kg H2 10.11 Advanced AWE plant, 
commercial scale though not yet 
commercially operated, inventory 
results from EU R&D project 
ELYGRID (Koj et al., 2015)
KOH solution 10−4 kg/kg H2 2.75
Process steam kg/kg H2 0.038
Nitrogen 10−4 kg/kg H2 0.7115
Electricity kWhel/kg H2 53.9
Table 2 | alkaline water electrolysis (aWe) technology and plant 
characteristic (cross-national).
Unit aWe plant comments and data sources
Plant characteristics
Capacity MW 6.0 Advanced AWE plant, commercial 
scale though not yet commercially 
operated, plant characteristics from 
EU R&D project ELYGRID (Koj et al., 
2015)
Plant lifetime years 20
Stack lifetime H 83,000
Operation h/year 8,300
Hydrogen output kg H2/h 118.25
FigUre 3 | Technical characterization of the alkaline water electrolysis (aWe) plant and system boundaries.
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(Eerev and Patel, 2012). It enables to estimate the cost of a given 
investment with different capacities, in our case the increase 
from 3.5 to 6 MW. α denotes the scaling exponent, which is in 
principle unknown. Often, a value of 0.6–0.7 is used as default 
(also referred to as six-tenths or seven-tenths rule) (Eerev and 
Patel, 2012). However, as AWE technology already has a high 
level of maturity, we carefully set a higher scaling exponent (0.85).
 I Ix x= ×





base
base
Cap
Cap
α
 (6)
where x: new capacity, base: old capacity, and α: scaling exponent.
Cross-national parameter estimation only partly holds for cost 
specifications for the three sites (Table 4). We distinguish direct 
depreciable capital cost (investment components) from indirect 
Table 4 | alkaline water electrolysis (aWe) technology cost and plant characteristics (except for electricity).
Unit germany austria spain comments and data sources
investment
Direct depreciable capital cost 
(ddcc)
m€2015/MW 0.85 •	 engineering scaling approach is used (Eerev and Patel, 2012)
•	 general investment cost data (Bertuccioli et al., 2014)
•	 distinction of ddcc and idcc (Harvego et al., 2012)
•	 total initial capital cost for German site is consonant to Noack et al. (2015), based 
on bottom-up modeling of a 5 MW AWE (1.07 m€2015/MW)
Stack replacement %/ddcc 50
Plant decommissioning %/ddcc 6
Indirect depreciable capital cost 
(idcc)
m€2015/MW 0.17 0.16 0.14
Fix O&M
Material %/ddcc 2.5 •	 material and labor cost share (Bertuccioli et al., 2014)
•	 wage rate index 2014 (Statistisches Bundesamt, 2015)Labor %/ddcc 2.5
Wage rate index 1.00 0.93 0.62
Variable O&M, except electricity
Water, deionized €2015/kg 0.0100 •	 best guess, representative commercial upstream product price data not available
•	 price of deionized water comparatively relevant for overall variable O&M costKOH €2015/kg 2.5106
Steam €2015/kg 0.0100
Nitrogen €2015/kg 0.2783
All cost and prices expressed in real €2015 (nominal increase over the lifetime of technology).
FigUre 4 | alkaline system and stack cost breakdown (%) (bertuccioli et al., 2014).
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ones (such as site preparation, engineering-design, and upfront 
permissions). The former is expected to have a world-market 
price whereas the latter has a high local content so that country-
specific wage rates are relevant. In case of Spain, this is important 
as its wage rate index is approximately 0.62 (relative to Germany). 
Although defined by Koj et al. as commercial scale 6 MW plant, 
market prices for investment components are not available. Here, 
available information on investment components, cost structures, 
and average total investment cost (Bertuccioli et al., 2014) is used.
Specific investment cost ranges from 1.02 to 0.99  m€2015/
MW (Germany, Spain); the slight difference is due to the local 
content for indirect depreciable capital cost. The result for top-
down assessed total investment cost is consonant to results from 
Noack et al. (2015), who derived investment cost data based on 
bottom-up modeling a 5 MW AWE site in Germany for hydro-
gen generation (and underground storage). Stack replacement, 
decommissioning, and fix operation and maintenance (O&M) 
cost are defined as fixed percentage share of direct depreciable 
cost (Bertuccioli et al., 2014). VC accrues for upstream products 
and comprises deionized water, KOH, steam, and nitrogen. For 
electricity, country-specific cost is defined in the subsequent 
electricity scenario part.
7Kuckshinrichs et al. AWE Analysis
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Upstream Product: Electricity
For the upstream product electricity, a scenario approach is nec-
essary, comprising the three dimensions time horizon, regions, 
and primary energy mix for electricity. The time horizon is from 
2015 (base year) to 2035 (final year). It is chosen according to the 
projected economic lifetime of an AWE plant.
The regions that are covered are Germany, Spain, and Austria. 
These countries all represent Western European industries; how-
ever, the integration into international trade and material flows is 
different. The regional representation is important for electricity 
cost.
The focus on electricity generation mix is eminent. AWE 
demands considerable amounts of electricity, which in this study 
is supplied by the grid and which therefore shows country-specific 
electricity generation and emissions profiles. Focusing on the 
electricity mix reflects the question how to implement hydrogen 
generation in a present system still significantly relying—at least 
for some countries—on fossil electricity generation, although 
these systems presumably will decarbonize its electricity genera-
tion in the future. Germany and Spain both still rely extensively 
on fossil resources for electricity generation. On the other hand, 
average industrial electricity prices are higher in Spain than in 
Germany. Austria shows significant differences with respect to 
the generation mix that already mainly depends on renewable 
energies, i.e., hydro power. This is of special importance: there 
are country-specific conditions to get access to electricity and to 
what price.
For the deployment of non-carbon electricity generation tech-
nologies between 2015 and 2035, and implicitly, the electricity 
mix basic information is from the European “Trends to 2050” 
scenario (Capros et  al., 2013). This study assesses a reference 
scenario for EU28. Based on main assumptions with respect 
to macroeconomic development, population, world fossil fuel 
prices, and further ones, a harmonized macroeconomic mod-
eling approach is used to project the energy generation mix on 
EU member state level. Therefore, the results for the electricity 
generation mix on country level are consistently developed and 
harmonized against a set of macroeconomic assumptions for the 
European Union. Based on results for 2015 and 2035, we assume 
linear technology diffusion paths that signal the change from 
present generation to future electricity generation mix. As the 
countries start from different settings, the electricity generation 
mix in 2035 will still be different in its composition of decarbon-
ized generation technologies.
With respect to electricity for hydrogen production and its 
base year price, the study avoids reflection on average specific 
industry electricity prices. These are by trend high or very 
high in most European countries, but also very heterogeneous 
across industries. Electricity prices differ considerably, which 
is mainly due to different generation technologies, heterogene-
ous regulation, and tax schemes in European countries [for an 
overview on different tax and pricing policies and regulation 
schemes in EU28 and further European countries, see Eurostat 
(2015a)]. For the sake of the study, instead, hydrogen plant 
operators are regarded as customers actively participating in 
power markets.
In most European countries, the electricity price can be split 
into three parts. A competitive part includes the cost for genera-
tion and distribution. A second part includes the cost for grid use, 
and a third part includes taxes and further charges.
For the three investigated countries, the competitive part is 
formed in a similar way. The electricity price is either a result of 
bilateral contracts between a producer and a consumer—in this 
case an industrial company—or it is a market price negotiated in 
different bilateral trading contract as over the counter trades or 
it originates from a product at an electricity exchange. It can be 
based on different products as futures/forward, day ahead trades 
and intraday trades. The composition depends on the strategy of 
the company. Depending on the selling organization, distribution 
cost differs as well. Because of these different possibilities, there 
is no way to determine one single price for 1 year that is valid for 
a whole sector. Therefore, prices for generation and distribution 
can only be average prices based on surveys. Eurostat is publish-
ing such survey data every 6 month (Eurostat, 2015b).
To get a better understanding about the differences in electric-
ity prices in Austria, Germany, and Spain, a more detailed view 
on their national regulation schemes is useful focusing on the 
regulation for grid use as well as on taxes and further charges. In 
Austria and Germany, these price parts depend on the electricity 
demand, the electricity intensity, and the grid level. In Spain, those 
factors do not have an effect on the calculation of the electricity 
prices. For the calculation of the electricity price in Austria and 
Germany, the specification of the electrolysis plant is necessary as 
to know how much electricity will be demanded and, therefore, 
which price category might be reasonable.
Based on data from the Austrian, regulation agency (E-Control) 
(E-Control, 2015), the German association for energy and water 
(BDEW) (BDEW, 2015), and Eurostat (Eurostat, 2015b), it can be 
shown that an electrolysis plant, actively participating in the elec-
tricity markets of the three respective countries differ. In Austria, 
the AWE can be connected to the grid levels 4–6. Therefore, the 
electricity price varies between 7.64 €2015ct/kWh (grid level 4) and 
10.13 €2015ct/kWh (grid level 6). For the German site, the electric-
ity price depends on the classification of the company that will 
operate the AWE. Either the company is classified as an energy-
intensive company or as a non-energy-intensive company. The 
difference in the electricity price amounts to 6.02  €2015ct/kWh 
(6.26 vs. 12.27 €2015ct/kWh), mainly depending on the fact if the 
AWE operator has to pay the EEG levy. In Spain, it is not clear if 
the tax of the National Energy Commission is already included 
in the competitive part of the electricity price or not. Thus, both 
prices are given. The difference is less than 0.02  €2015ct/kWh 
(Table 5).
The LCH uses the price of grid level 4 for Austria (7.64 €2015ct/
kWh), which is a common grid level for industrial companies. 
For Germany, the price for an energy-intensive company is taken 
(6.26 €2015ct/kWh) as this will be the case if we assume that the 
operator only operates the AWE. The price with the taxes of the 
National Energy Commission not included in the competitive 
part is used for the calculations for Spain (8.30 €2015ct/kWh).
The electrolysis plant is assumed to run for 20 years. Therefore, 
the electricity price that is needed for the LCC must be projected 
Table 6 | Financial and tax on earnings parameters (cross-national).
Unit germany–
austria–spain
comments and data sources
Share of equity % 25 Resulting weighted average cost of 
capital (WACC) approximately 4% 
(in the range of Alberici et al., 2014)
Share of debt % 75
Return on equity % 7.0
Interest rate on 
debt
% 4.5
Inflation rate % 1.0
Tax (on earnings) 
rate
% 30 Simplified approach, as different 
country-specific tax systems are too 
complex to model in detail for this 
purpose
Table 5 | base year (2015) electricity price components for austria, germany, and spain (53 gWh/a).
austria germany spain
€2015c/kWh grid 
level 4
grid 
level 5
grid 
level 6
energy 
intensive
non-energy 
intensive
Tax of national energy 
commission included in 
competitive part
Tax of national energy 
commission not included in 
competitive part
Competitive part 4.53 4.53 4.53 5.95 5.95 7.9 7.9
Grid use fees 2.36 3.47 4.93 0.03 0.05 0 0
Non-recoverable taxes 
and further fees
0.75 0.56 0.68 0.28 6.27 0.40 0.42
Price 7.64 8.54 10.13 6.26 12.28 8.30 8.32
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for this time horizon as well. The following projections can be 
found in the study “Trends to 2050” (Capros et  al., 2013). For 
the time from 2010 to 2030, the trend study proposes an average 
electricity price increase of 1.34%/year. The increase is mainly 
due to capital cost, and governmentally influenced cost compo-
nents such as taxes on fuels, ETS payments, and RES supporting 
schemes.
For our calculation, we use our own figures of 2015 prices 
for Austria, Germany, and Spain, and the EU figures for price 
increase per year. Therefore, starting from different electricity 
prices in 2015 the Austrian, German, and Spanish AWE sites will 
come up with different electricity prices in 2035.
Financial and Tax Parameters
Financial and tax parameters are in principle country specific. 
However, in-depth country-specific tax considerations are 
beyond this paper. Therefore, for financial and tax considera-
tions, we use cross-national parameters (Table 6). The chosen 
equity-to-debt-ratio 25:75 for Western European countries 
is consistent to literature (Kost et  al., 2013; Ondraczek et  al., 
2015). This also holds for return on equity and interest rates 
on debt (Kost et  al., 2013). Inflation rate is one of those 
macroeconomic parameters the hardest predictable over the 
long term, and macroeconomic projections for inflation rates 
usually are short-term focused. Methodologically, this poses 
a challenge for financial assessment of technologies with a 
lifetime of 20 years. Though in macroeconomic theory and in 
practical policy, a targeted inflation rate of approximately 2% 
is regarded acceptable for price stability for our purposes we 
consider a lower projection of 1%, which is at the bottom line 
of present projections (EC Directorate-General for Economic 
and Financial Affairs, 2016). In case inflation projections are 
regarded too low, it needs to be kept in mind that higher infla-
tion rates should result in higher nominal return and interest 
expectations.
Based on these parameters, WACCreal equals 4%, which is in 
good accord with considerations in literature on a wide range of 
energy technologies (Kost et al., 2013; Alberici et al., 2014) and 
also with IPCC lower range of 5% (Schlömer et al., 2014). Due to 
very different country-specific characteristics, IPCC additionally 
calculates an upper range of 10%. Ondraczek et  al. (2015) use 
WACC parameters of 3.8–4.3% for Western European countries 
(Ireland, Switzerland, UK, and Netherlands).
Financial analYsis FOr 6 MW aWe 
hYDrOgen generaTiOn
Financial Metrics: cF, lch, nPV, and Vc
The results for CFs for an AWE site are depicted in Figure 5 (it 
has to be kept in mind that the CF covers expenses and no sales). 
Here, the results for the AWE site in Germany are shown. The CFs 
for the Austrian and Spanish sites are slightly different, but similar 
in its structure. The investment cost is accounted for by the source 
of its funding, which is why investment is represented by PCI cost 
(investment by equity) for initial investment, stack replacement 
and decommissioning, and corresponding loan payment cost and 
interest. The electricity expenses are main cost drivers, increasing 
over time according to increasing (real) electricity prices. Keeping 
in mind that hydrogen sales are not accounted for, and the NPV is 
calculated for the stream of expenses, the NPV is negative (app. 
−66 m€2015). For Austria and Spain, the corresponding (negative) 
NPVs are lower mainly due to higher electricity cost.
Tax deductibility of cost elements is also important, as can 
be seen by the negative CF elements. Negative CFs represent a 
form of return flows; here return flows in the form of avoided tax 
on earnings. Again keeping in mind that hydrogen sales are not 
accounted for, the NPV of the stream of expenses is negative (app. 
−50  m€2015). Tax deductibility of cost elements has significant 
influence as is shown by the higher NPV.
The structure of LCH is similar for the AWE sites (Figure 6). 
In all cases, the cost for the upstream product electricity is the 
FigUre 6 | levelized cost of hydrogen and net present value results.
FigUre 5 | current value cash flow (expenses): german alkaline water electrolysis site.
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main share of LCH. In absolute terms, the results for LCH of 
AWE hydrogen differ significantly. Keeping in mind impacts of 
tax redemptions, the German site performs best with LCH of 
3.64 €2015/kg. LCHs for the Austrian and Spanish sites are approxi-
mately 15–18% higher, mainly due to higher electricity cost. In 
case of Spain, slightly lower investment cost do not compensate 
for higher electricity cost.
As market prices for hydrogen are not the focal point, NPV, 
representing attractiveness, is negative in all three cases. In 
absolute terms, Germany performs an NPV of −50 m€2015. Again, 
the results for Austria and Spain are less attractive, falling below 
the German value by 15–19%. Here, the result is exclusively due 
to cost components, mainly for electricity, as according to the 
technical specifications all three sites produce equal amounts of 
hydrogen. For both metrics, LCH (NET) and NPV (NET), tax 
redemptions are significant, resulting to a decrease of LCH and 
NPV of approximately 38%.
In case of the VC, the relative advantage of the German site 
is between 21 and 27% compared to the Austrian and Spanish 
ones. In a competitive market for hydrogen, this clearly assigns 
advantages to the German site considering development of sales 
prices for hydrogen, as the VC describes the flexibility of the site 
FigUre 7 | Variable cost and current hydrogen prices for  
industrial use.
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in relation to market conditions and the minimum-level price to 
contribute to fixed-charge coverage. Again, the dominating factor 
is the difference in the price of electricity in the three countries.
The range of current hydrogen market prices for industrial 
use is 1.4–5 €2015/kg (Waidhas, 2015) (Figure 7). In case of the 
upper price range, for the German site there is a positive, though 
decreasing producer surplus over the AWE lifetime. In contrast, 
Austrian and Spanish sites start with a positive surplus but run 
into operating deficits after 15 and 12 years, respectively. With 
regard to the lower level hydrogen price for industrial use, neither 
site can prove competitiveness.
Parameter sensitivities: lch and Vc
The generation of hydrogen based on AWE technology is cost 
sensitive with respect to several parameters comprising com-
ponents and input product’s cost, process parameters as well as 
financial and fiscal parameters. The chosen (cost) elasticity ε y xi,  
reflects the relative change of the dependent variable y (LCH and 
VC) induced by a relative change of a parameter value xi (Eq. 7). 
We demonstrate these sensitivities by calculating elasticities for 
the LCH (for Germany) and VC (for all sites). For LCH, Austria 
and Spain perform very similar.
 ε y i,x
i
iy
x
x
y
= ×
∆
∆
 (7)
where y: variable; xi: parameters of respective formula.
For LCH, we tested cost parameters (initial investment cost, 
stack cost, and electricity price), process-engineering parameters 
(plant lifetime and operational hours), and financial-fiscal param-
eters (interest on debt and tax rate on earnings) as significant 
parameters. Ranging from −0.6 to 0.8 the resulting elasticities are 
under proportional (Figure 8) (Under proportionality condition: 
0 < |ε| < 1). Though significant on an absolute scale, LCH is not 
very sensitive to initial investment and stack replacement cost. 
This is also the case with respect to interest rates. Highest elastici-
ties prevail for electricity price (0.6–0.8), plant lifetime (−0.69), 
and tax rate (−0.4). From a technology’s point of view, tax rates 
may be regarded as given and immutable. Negative elasticities 
for tax rates may be surprising on the first glance. However, with 
higher tax rate on earnings and induced higher avoided tax pay-
ments (on earnings), finally, LCH can drop. The electricity price 
may be partly negotiated, and plant lifetime prolongation may be 
influenced by technical and managerial efforts. LCH is not very 
sensitive toward the price of deionized water (Table 4). Though 
the price is comparatively relevant for overall non-electricity 
O&M cost, even a doubling does not considerably alter the LCH 
due to the low share of non-electricity O&M cost.
In case of VC, we tested the cost parameter electricity price 
(EC) according its dominating impact on VC. For all three sites, 
the resulting elasticities are increasing in time and nearly pro-
portional (|ε| = 1) (Figure 9). They are increasing in time due to 
the increase of the relative weight of EC by increasing EC in real 
terms. The overwhelming relevance of electricity cost for market 
flexibility is evident.
DiscUssiOn
The analysis identifies the German site performing best and the 
Austrian site second-best in all financial metrics assessing cost, 
attractiveness, and market flexibility (Figure 10). As the technical 
plant characteristics and financial and tax parameters are site-
independent (except those for electricity, which are part of the 
electricity scenario calculations), the favorable performance of 
the German site rests upon cost characteristics comprising invest-
ment cost and O&M cost. For all metrics, the cost of electricity 
plays the major role, as is shown exemplarily for LCH. Although 
investment cost is slightly lower in Spain, the difference can not 
outweigh the higher electricity cost compared to Germany.
As shown, identifying a future electricity price is subject to 
a range of assumptions. The generation mix itself is affected by 
political influence. Besides the projection of generation mixes 
and the development of cost of the market driven components, 
it is the political influence on cost components such as grid 
transport, taxes, and contributions to finance renewable energy 
sources, which hardly makes it possible to improve electricity 
price forecasts. If, contrary to the assumptions here, electricity 
prices are going to adjust over the lifetime of the AWE site, the 
relative advantage of the German site may disappear.
This could clearly be the case, if in the course of the transforma-
tion of the German energy system governance is possibly revised. 
Currently, the benefits for energy-intensive industries comprise 
on the one hand the opportunity to purchase electricity on the 
spot market at low prices. On the other hand, the Renewable 
Energy Act (EEG) Special Equalization Scheme provides specific 
cost reductions for energy-intensive industries such as exemp-
tions from renewable energies contribution. For both aspects, the 
current beneficial frame is a consequence of the governance of the 
German electricity market (Fischer et al., 2016).
However, development of the demand side of the hydrogen 
market is also relevant for future prospects. Besides future indus-
trial uses of hydrogen, further uses for stationary and residential 
applications (fuel cell heating devices), mobility (fuel cell electric 
vehicles), and for hydrogen as energy storage (power-to-X) may 
increase (Linssen and Hake, 2016). Although there are techni-
cal options to use hydrogen, the development of demand for 
FigUre 10 | Metrics overview.
FigUre 9 | Variable cost elasticity for alkaline water electrolysis sites.
FigUre 8 | levelized cost of hydrogen elasticities for alkaline water electrolysis site in germany.
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hydrogen depends to a high degree on strategies for transforming 
energy systems.
sUMMarY
Aiming to contribute to economic assessment of improved 
AWE technology, this paper presents an economic assessment 
of advanced AWE technology comprising cost estimations and 
a financial analysis. The financial analysis not only focuses on 
specific cost such as LCH but also on further financial metrics 
quantifying attractiveness and supply/market flexibility of the 
technology. Therefore, besides LCH, NPV and VC are taken for 
assessment. The AWE technology taken in this study is a 6 MW 
plant scaled up from a 3.5 MW state-of-the-art pressurized elec-
trolysis, achieving higher hydrogen output with the same number 
of cells with equal diameters. For comparison, three different 
sites in Germany, Austria, and Spain are specified. Technology 
and plant characteristics and upstream demand for electricity 
and other products (deionized water, KOH solution, and process 
steam) are in accordance with an EU study on advanced AWE 
technology. For cost characteristics, site-specific aspects for 
investment and operation are taken into account. This holds 
for investment and operational cost (O&M), labor cost, and in 
particular for electricity cost. The latter shows considerable 
differences for the three sites, mainly due to national regulation 
for electricity generation and the transformation toward sustain-
able electricity systems with high penetration of renewable and 
carbon-free energy sources. Therefore, electricity cost projection 
over the lifetime of the AWE plant is based on a European energy 
scenario approach, specifying characteristic framework data for 
the three sites.
The German AWE site turns out to perform best in all three 
financial metrics (LCH, NPV, and VC). Though there are slight 
differences in investment and O&M projections for the three 
sites, the major cost impact is due to the electricity cost. Although 
investment cost is slightly and labor cost is significantly lower in 
Spain, the difference can not outweigh the higher electricity cost 
compared to Germany. Given the assumption that the electrolysis 
operators are customers directly and actively participating in 
power markets, and based on the regulatory framework in the 
three countries, in this special case electricity cost in Germany 
is lowest. However, as electricity cost is profoundly influenced 
by political decisions as well as the implementation of economic 
instruments for transforming electricity systems toward sustain-
ability, it is hardly possible to further improve electricity price 
forecasts.
Further analysis may focus on the significance to differentiate 
private and public economics of hydrogen technology. On the 
one hand, the focus is, e.g., on unpriced pollution externalities. 
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